Introduction
X-linked severe combined immunodeficiency (XSCID) is an hereditary disorder characterized by severe T cell lymphopenia and abnormal B cell function. 1 The disease is caused by mutations in the IL2RG gene encoding the interleukin-2 receptor ␥ chain (␥c) 2, 3 shared by several interleukin receptors (IL-4, IL-7, IL-9 and IL-15). [4] [5] [6] [7] [8] The ␥c is a membrane protein widely expressed in a variety of peripheral blood cell populations including T cells, B cells, NK cells, monocytes and granulocytes. XSCID patients suffer from fatal infections early in life unless they are treated by bone marrow transplantation. Even after successful transplantation, T cell function is restored, but often B cell engraftment is poor and patients must receive long-term immunoglobulin replacement. The rarity of matched donors, the suboptimal posttransplant humoral function, and the demonstrated selective advantage of lymphocyte progenitors expressing normal ␥c 9 make this disease a good candidate for gene replacement therapy.
Retroviral vectors are so far the best candidates for gene therapy where stable transduction of the genetic material is required. However, low transduction efficiency of early hematopoietic progenitors and stem cells is a problem. One strategy to overcome this limitation is to include in these vectors a gene that confers selectable advantage. The MDR1 gene is currently under investigation as a suitable selectable marker for gene therapy. 10, 11 The MDR1 gene encodes an ATP driven Pglycoprotein efflux pump (Pgp) that pumps out of cells a variety of cytotoxic compounds and antitumor agents such as alkaloids, anthracyclines and epipophylotoxins. 12 The unique flexibility of this system to confer resistance to many different drugs together with reports suggesting its potential function as a selectable gene in vivo, [13] [14] [15] makes the MDR1 gene a good candidate to be used in gene therapy protocols. In this study, we report a new bicistronic vector that includes IL2RG and MDR1 for the correction of XSCID disease. Mouse fibroblasts and XSCID B cells transfected or transduced with this vector express ␥c chain and Pgp at high levels.
Results
Expression of ␥c and Pgp in retroviral producer cells A new retroviral vector, H-GMDR, was constructed to investigate the correction of XSCID (Figure 1 ). The IL2RG cDNA expression is driven by the Harvey murine sarcoma virus promoter (pHaMSV-LTR) and contains an MDR1 cDNA as a selectable marker. Translation of the MDR1 cDNA is achieved from the internal ribosome site (IRES) derived from encephalomyocarditis virus. The retroviral vector H-MDR (including the MDR1 cDNA alone expressed from pHaMSV-LTR) was used as a positive control and an untransfected naive cell line as a negative control for the experiments in this article. High expression of IL2RG and MDR1 cDNAs was achieved with H-GMDR in transfected NIH3T3 cell pools selected with vincristine (data not shown). Amphotropic producer cell lines were then generated by infection of four different amphotropic cell lines with supernatants from pooled ecotropic producers. Expression of IL2RG and MDR1 genes on the cell surface was analyzed by flow cytometry. High expression of ␥c as well as Pgp was consistently shown in all clones picked after selection, as demonstrated in Figure 2 . Titers were assessed as vincristine resistant colony-forming units (c.f.u.) and by RNA dot blots. The pool with the best titer obtained by c.f.u. assay was with the ⌿CRIP packaging cell line and the best clone was in GP+envAm12 (Table 1) . By a semiquantitative viral RNA dot blot assay that measures viral RNA in the supernatant of producers, the best GP+envAm12 producer for the H-GMDR vector repeatedly showed a stronger signal than a ␥c producer cell line control (M-GN 16 ) known to produce up to 10 6 c.f.u./ml ( Figure 3 ). To examine the effectiveness of the new vector we determined the extent of drug resistance in MDR1-transduced NIH3T3 cells to two Pgp substrates: olivomycin and vincristine ( Figure 4 ). H-GMDR-transduced cells expressed sufficient Pgp to confer substantial resistance to both drugs. The 50% lethal dose (LD 50 ) of the resistant colonies was five times lower for vincristine and 12 times lower for olivomycin for H-GMDR-transduced colonies than for control NIH3T3 cells transduced with H-MDR.
Expression of ␥c chain and Pgp in human XSCID cell lines To assess if expression is achieved in a B cell in vitro model system we transiently transduced the human XSCID B cell line B21, which lacks ␥c, and B45, which has a truncated ␥c. A normal B cell line was used as a positive control for the immunodetection of ␥c. Transduction of these B cell populations was undetectable by Western blot but detectable by DNA-PCR when simple consecutive additions of virus containing supernatant were performed after phosphate depletion (data not shown). Using a new filter method in combination with phosphate depletion (see Materials and methods), transduction efficiency was improved significantly and expression of ␥c and Pgp were detected by Western blot analysis 2 days after transduction ( Figures 5 and 6 ). There are four putative glycosylation sites in ␥c. Probably the two bands detected are the glycosylated and the underglycosylated form of ␥c. The transduced cell lines clearly expressed high levels of both a 64 kDa band and a lower molecular weight band corresponding to ␥c chain. Both bands were detected in the wild-type B cell control but at a different ratio and were not observed in ␥c negative B cells. Pgp expression was detectable in parental B21 cells, but it was detected in greater amounts in transduced cells. Similar results were observed with B45 cells (data not shown).
Discussion

Advantages of bicistronic configuration in retroviral vectors
We have shown the feasibility of retrovirus-mediated gene transfer of a bicistronic vector containing IL2RG and MDR1 genes. In this configuration, both genes are under the transcriptional control of a single strong Harvey murine sarcoma retroviral promoter, eliminating the possible negative effects which occur in retroviral vectors containing two enhancer/promoter regions, 17 and potentially allowing selection with MDR1 to produce a population of high expressing recipient cells. 11 Another similar approach which has been used is the transcriptional fusion of two genes which results in one transcription unit encoding a physical fusion of the two proteins. 18, 19 However, this approach is limited to situations where a fusion construct does not interfere with the functions of each unit of the protein.
Bicistronic retroviral vectors assure transcription of both genes without the risk of a nonfunctional fusion protein. In the H-GMDR vector, IL2RG and MDR1 undergo independent translation; the final products, ␥c and Pgp, were correctly targeted to the plasma membrane where the proteins were detected by flow cytometry (Figure 2) . A potential limitation found with our IRES construct is the relatively moderate titers of virus determined by a c.f.u. assay. The presence of an IRES element is not detrimental to virus titers, because similar retroviral vectors containing IL2RG and an IRES followed by the neomycin resistance gene have been placed in producer clones yielding virus titers above 1 x 10 6 c.f.u./ml. 16 Although the large size of the IL2RG-IRES-MDR insert, 5.7 kb, might influence the viral titer, the major factor reducing the apparent titers may be the stringency of the c.f.u. assay. We observed that when viral titers were estimated by a semiquantitative RNA assay, the signal obtained by a H-GMDR producer clone with a titer of 2 × 10 4 c.f.u./ml was consistently stronger than the signal obtained with a control producer clone containing an IL2RG-IRES-NEO retroviral vector with a c.f.u. titer of 1 × 10 6 c.f.u./ml (Figure 3 ). This observation suggests that titers determined by c.f.u. are strongly influenced by the extent of resistance conferred by the MDR1 translated from the IRES.
H-GMDR-transduced cells exhibit resistance to MDR1 substrates such as vincristine and olivomycin. The extent of resistance was affected by the configuration of the vector and cells exhibited five to 12 times less resistance than H-MDR-transduced cells in which the translation of MDR was cap dependent. Our observations are in concordance with reports showing that cDNAs cloned downstream from the IRES are expressed at lower levels than the upstream, cap-dependent, cDNAs. 100-400 300-20 000 PA317 Ͻ100-100 Ͻ100-100 a Transduction efficiency range was determined from three pools and 10-50 isolated colonies from each producer line. Colony-forming units per ml were calculated as the number of NIH3T3 cells resistant to 30 ng/ml vincristine after transduction with 1 ml supernatant from the retroviral producer cells.
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Figure 2 Cell surface expression of ␥c and Pgp. FACS analysis of GP-envAm12 naive cells (a) and cells transduced with H-GMDR after selection with vincristine (b)
.
Figure 3 RNA viral production in supernatants of producers. Viral particles were precipitated with PEG from supernatants of producer cell clones and RNA was isolated (as described in Materials and methods), dot blotted and probed with P 32 labeled IL2RG. Lanes 1-6, H-GMDR producer clones derived from GP+envAm12; lane 7, background slot; lane 8, H-MDR (negative control); lane 9, M-GN (␥c retroviral positive control).
16
Figure 4 Olivomycin and vincristine resistance of transduced NIH3T3 cells. Cell populations (5 × 10 4 cells) transduced with H-MDR or H-GMDR, were selected 2 days later with increasing concentrations of drugs and surviving colonies were counted after 12 days in selection. The number of cells obtained in the lowest selecting concentration of drug was taken as 100% resistance. The lowest dose used is the minimal dose where no resistant colonies are seen in populations of untransduced NIH3T3 cells (parental). In other experiments, the LD 50 for vincristine for parental NIH3T3 cells was 5.4 ng/ml and for olivomycin it was 150 ng/ml.
XSCID B cells can be transduced by H-GMDR and express ␥c and Pgp proteins
Retrovirus-mediated transduction of IL2RG cDNA into XSCID B cells lacking ␥c expression or expressing a mutant short ␥c product was demonstrated by Western blot of transiently transduced cells ( Figure 5 ). The efficiency of transduction was greatly improved by using a filter method in combination with phosphate depletion. Two bands were specifically identified by the anti-␥c antibody, probably reflecting a glycosylated and underglycosylated or unglycosylated form of IL2RG. Qazilbash et al 22 also detected two bands by Western blot analysis with anti-␥c antibody. Most of the ␥c in our transduced cells was detectable as the upper band, but in wild-type B cells most of it was detected as the lower band. These differences might be related to somewhat different culture conditions: transduced cells were placed in fresh medium containing virus several times while wild-type cells were kept in their conditioned medium, possibly containing secreted growth factors, with fresh medium added as required. High expression of Pgp was also observed in the H-GMDR-transduced cells ( Figure 6 ) but intrinsic expression of Pgp in these mutant cell lines was detected. This Pgp expression correlated with the intrinsic resistance of B cells to Pgp substrate drugs, which made it difficult to enrich for stably transduced cells. These observations raise the question of whether the IL2RG-IRES-MDR vector will provide sufficient Pgp to achieve selective enrichment of transduced CD34 + cells that also have detectable expression of Pgp. 23 Additional points that need to be investigated are whether ␥c expression can provide sufficient selective advantage in vivo and whether Pgp can serve as an additional selector in the early stages of proliferation. Existing animal models will facilitate the answer to these questions. 24, 25 Hacein-Bey et al 26 showed a steady increase in the number of ␥c expressing cells over a period of 6 months in transduced unselected XSCID B cells. However, these results suggesting a selective advantage to cells expressing ␥c might be affected by contaminating producer cells used in the coculture method of transduction.
We chose to study the vector configuration IL2RG-IRES-MDR because low ␥c expression, as might occur with the IL2RG cDNA downstream from the IRES, might not be sufficient to correct the functional defect. High concentrations of wild-type ␥c might better compete with mutant ␥c to form active wild-type interleukin receptors. This conclusion is based on the observations of DiSanto et al 27 reporting that 20% of normal ␥c expression was associated with an immunodeficient XSCID phenotype in one family. Genes are translated from the IRES with lower efficiency than from the cap site. 20, 21 The strong expression of ␥c obtained with this pHa vector in transient-transduced cells relative to wild-type ␥c levels leads us to believe that a pHa vector with the opposite configuration (MDR-IRES-IL2RG) may also be sufficient to correct the defect. In addition, increased expression of Pgp in the reverse vector configuration could improve the selective advantage via MDR1 of transduced cells in the selection of transduced XSCID stem cells and progenitors. MDR1 bicistronic vectors provide flexibility of selection of either gene or both genes by adopting different selection strategies 28 and their possible use as markers to isolate transduced progenitor cells for re-implantation. In cells having a null mutation, ␥c sorting by use of fluorescent antibodies will also be possible.
Materials and methods
Constructs
The retroviral constructs used in this study are summarized in Figure 1 . The H-MDR construct was used as positive control for transduction and expression of Pgp. The construction of H-GMDR was based in the pSXLC/pHa retrovirus system described previously. 20 IL2RG was isolated from pBsc-IL2RG by cleavage with BamHI and ligated to pSXLC-MDR1 linearized with BamHI. The IL2RG-IRES-MDR1 cassette was isolated by SacII and XbaI digestion and transferred into the Harvey retroviral vector.
Cells
Mouse fibroblast cell lines were cultured in DMEM supplemented with 50 g/ml penicillin, streptomycin and glutamine and 10% fetal bovine serum. The producer cell line established from GP+envAm12 was adapted to grow in RPMI in order to use this supernatant to transduce B cells.
EBV-transformed B cells were established from XSCID patients with parental informed consent under protocols approved by the NCI IRB. They were grown in RPMI supplemented with 10% inactivated fetal bovine serum and ITS +TM (insulin, transferrin, selenium, linoleic acid and bovine serum albumin, Becton Dickinson Labware, Bedford, MA, USA). 29 B cell line 21 (B21) has a C → T transition at cDNA576, causing a Glycine → stop codon at amino acid 208, resulting in unstable mRNA and complete lack of detectable ␥c. B cell line 45 (B45) has a C → T transition at cDNA879, causing an Arg → stop, and a nonsense protein fragment is synthesized which lacks the cytoplasmic tail.
Generation of producers
The ecotropic packaging cell line GP+env 86 was transfected by calcium phosphate with H-GMDR and selected with 9 ng/ml vincristine. 30 Ten clones were isolated and the supernatant of the best producer supplemented with 8 g/ml polybrene was used to transduce amphotropic cell lines GP+envAm 12, ⌿CRIP, and PA 317 plated a day before at a density of 10 5 cells per 60 mm plate. Pools and clones selected with 10 ng/ml, 20 ng/ml and 35 ng/ml vincristine, respectively, were expanded after 10 days and viral titers were determined by two methods: semiquantitative RNA dot blot and c.f.u. For isolation of viral RNA, viral particles were PEG precipitated from the supernatant (10% final concentration of PEG) and phenol/chloroform extracted. The crude RNA obtained was precipitated with ethanol, dissolved and denatured with 15% formaldehyde. Before loading the samples on to a nytran membrane, an equal volume of 20 × SSC was added to the RNA sample, the sample was heated at 50°C and then chilled. Viral titers analyzed by c.f.u. were determined, as previously described, by transduction of NIH3T3 cells with serial dilutions of filtered supernatants of the producer cells and counting of the resulting colonies resistant to 30 ng/ml vincristine after 10 days of selection. 31 Transduction of B cell lines Transduction was performed by an adaptation of the filter method recently described. 32 B cell lines were washed and plated on six-well collagen membranes (TranswellCoL cell inserts, Costar, MA, USA) at 0.9-1 × 10 5 cells per well in phosphate-depleted RPMI medium for 3 h. Transduction was performed for 72 h with supernatants taken from the best producer cell clone culture (2 × 10 4 ), filtered through a 45 m filter and supplemented with 6 g/ml polybrene. The supernatant that passed through the membrane by gravity was recycled three times by aspirating it from the bottom of the plate and adding it to the top of the filter. Fresh supernatant was substituted three times a day. Cells were collected and analyzed after 2 additional days of incubation.
Immunodetection
Immunodetection of ␥c and Pgp at the cell surface was performed by indirect immunostaining analysis using TUGh4 or MRK16, respectively. 33, 34 As negative control antisera, rat and mouse Ig-G2a (Pharmingen, San Diego, CA, USA), respectively, were used. Washed cells (2 × 10 5 ) were incubated with 1 g antibody for 30 min at 4°C, washed and incubated with phycoerythrin-conjugated goat anti-rat IgG or fluorescein-conjugated goat antimouse IgG. The cells were washed twice and analyzed using a Becton Dickenson FACSort (San Jose, CA, USA).
Detection of ␥c chain and Pgp by Western blot was performed using rhIL-2R␥ (R&D Systems, Minneapolis, MN, USA) and C219, respectively. 35 Cell extracts (40 g per well) were resolved on 12% (for ␥c detection) and 8% (for Pgp detection) acrylamide gels, transferred on to a nitrocellulose membrane and immunodetected using the ECL method (Amersham, UK).
